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a b s t r a c t 
Radiant ﬂoor conditioning installations that distribute water through PPR capillary tube mats bring about 
signiﬁcant energy savings and high standards of comfort. Their design usually includes air-water heat 
pumps and fan-coil dehumidiﬁcation. They also allow incorporating solar thermal panel energy. In sum- 
mer mode, they can also be combined with absorption systems with lithium bromide, or solar cold based 
on lithium chloride. In this way, annual energy demand is further reduced by low water channel trans- 
port and reduced heat ﬂows through the enclosures. This study focused on the application of large-format 
radiant ﬂoor thermal ceramic panels (TCP), with capillary tube mats, in the Museum of the University of 
Alicante (MUA). The water distribution system was made of two heat pumps combined with a solar ther- 
mal panel rooftop installation. Using thermal simulation tools, the MUA’s annual energy demand was 
quantiﬁed over various scenarios. An energy saving of 24.91% was obtained compared to conventional 
all-air systems, and a 60.79% saving was obtained with the use of solar panels. User comfort levels and 
the energy consumptions of the various elements of the installation were also comparatively quantiﬁed. 
To ﬁnish, we calculated the investment amortisation periods for the TCP panels and solar panels. 
© 2019 The Author. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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0. Introduction 
Recently designed or modernised buildings largely prefer ra-
iant heating and cooling systems due to their energy eﬃciency
nd low exergy destruction [1] . The difference between radiant
eating systems and conventional HVAC systems is that radiant
eating systems heat surfaces rather than air, saving substantial
mounts of energy while providing greater levels of comfort [2] .
uch research in recent years has centred on quantifying hy-
rothermic comfort improvements and radiant system energy sav-
ngs. He et al. quantiﬁed the thermal comfort of a group of 20
eople by means of a radiant cooling desk, demonstrating the sys-
em’s suitability and achieving notable emission powers [3] . Mus-
akallio et al. compared chilled beam, chilled beam combined with
adiant panels and chilled ceiling with mixing ventilation systems,
uantifying the improvements obtained from radiant systems [4] .
hao et al. concluded that the cooling capacity of radiant ﬂoor
ooling increases with high-intensity solar radiation and high-
emperature envelope surfaces in large space buildings [5] . ZhouE-mail address: victor.echarri@ua.es 
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378-7788/© 2019 The Author. Published by Elsevier B.V. This is an open access article unnd He highlighted in their research the suitability of capillary net-
ork systems versus thick tube systems to distribute hot water
6] . 
.1. Radiant surface conditioning systems based on capillary mats 
The 1980s saw the development of hygrothermal radiant sur-
ace conditioning systems based on capillary mats of polypropy-
ene tubes of about 3 mm in diameter, separated by approximately
0 mm from one another [7] . Cold or hot water circulates through
hese mats, providing conditioning in summer —with the help of
 fan-coil dehumidiﬁcation system— and winter. These systems
an be applied to any interior walls —ﬂoors, wall, ceilings— by
eans of various techniques including plasterboard, false ceilings,
alse walls or plaster projection. They succeed in providing healthy,
ilent and comfortable air conditioning. These PPR capillary tube
ystems work mainly by radiation, and secondarily by convection.
y moderately cooling or heating some walls, and conducting min-
mal dehumidiﬁcation in summer, with no cold or hot air supply,
otable advantages can be achieved compared to convective sys-
ems [8] . Sound levels drop considerably, the air moves at very low
onvection speeds, thus providing high comfort levels [9] ; the airder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Schematic diagram of a capillary mat installation, with fan-coils for dehumidiﬁcation, and control substations. 
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w  temperature in summer is approximately 2–3 °C higher, and 2 °C
lower in winter compared to convective systems. This way, com-
fort levels increase signiﬁcantly. Furthermore, these radiant sur-
face conditioning systems lead to substantial energy savings with
respect to conventional air conditioning systems [10] , as certiﬁed
by reputable research institutes. The major factors include: wa-
ter’s greater capacity to transport energy compared to that of air;
the system’s self-regulation; and the reduction of thermal loads
by heat transmission through the enclosures, as the indoor air is
warmer in summer and cooler in winter. 
Recent publications [11] have included schematic diagrams that
describe how these capillary mat systems are implemented, in-
cluding the use of alternative energies in the system ( Fig. 1 ). When
working with water at moderate temperatures in both summer
and winter, it is feasible to use alternative energies: solar panels,
chemical energy accumulation systems based on lithium chloride
LiCl [12,13] , absorption systems, geothermal energy systems [14] ,
or seawater usage [15,16] . 
Radiant system solutions by means of hot or cold water dis-
tribution have often been implemented using prefabricated panels
with a variety of ﬁnishing materials. Imanari et al. applied a radi-
ant ceiling panel in oﬃce buildings, achieving remarkable results
in terms of thermal comfort and energy savings, with a return
on investment between 1 and 17 years, depending on the panel
cost [17] . Miriel et al. proposed another radiant ceiling panel based
on copper pipes with rigid aluminium diffusion ﬁns, achieving a
10% reduction in energy consumption compared to the convective
system [18] . In the same line, Zhang et al. worked with inclined
aluminium ﬁns, improving the cooling capacity of the suspended
metal ceiling radiant panel by 19% [19] . Koca et al. studied the ap-
plication of radiant wall heating panels and compared their eﬃ-
ciency with ﬂoor systems, concluding that heat transfer coeﬃcients
were 20% lower [20] . Other authors analysed the impact of ﬁnish-
ing materials on radiant panels, such as Shin et al., who studied
linoleum and oak wood [21] . Radiant panels have also been de-
signed for ﬂoors, walls or ceilings that incorporate other water el-
ements. Chae and Strand used a concentrate tube heat exchanger
with two ﬂuids, water and air, with promising results [22] ; Ning
et al. experimented with panels containing a thin layer of air, ob-
taining high eﬃciency when applying cooler water and thicker in-
sulation in the water distribution pipes [23] ; Lv et al. have recently
experimented with radiant panels that can be ﬁlled with different
liquids, such as Glycerol, obtaining greater eﬃciency than in the
case of metal panels by means of a system in which different ther-
mal conductivities depend on the distance to each panel’s origin of
distribution [24] . In recent years, ceramic materials have undergone remark-
ble technical improvements related to: mechanical resistance, be-
aviour towards external agents of humidity, temperature, or UV
adiation, and almost non-existent water absorption. Added to the
nalterability of porcelain stoneware, large-format and low thick-
ess panels are now being produced, making them very light
nd easy to assemble. However, despite these wonderful qualities,
orcelain stoneware applied to interior walls in buildings leads to
hermal sensations that are less comfortable for users than other
oating and ﬁnishing materials. High effusivity and thermal con-
uctivity values compared to wood, linoleum or plaster, translates
nto the coatings stealing more energy from the user when in con-
act: they are considered cold and uncomfortable materials, espe-
ially in winter and in adverse weather conditions. 
Taking into account the diﬃculty to synthesise new ceramic
aterials with better thermal performance, multilayer proposals
ave recently been put forward to produce more comfortable ce-
amic materials. They could thus compete with natural wood, high
ensity wood, linoleum, etc. Radiant ﬂoor solutions using copper
ire mesh, and Joule heating have been patented [25] . User com-
ort is improved, but this improvement comes at the expense of
xcessive energy use and costs, and greater CO 2 emissions. In ad-
ition, conditioning is possible only in winter, not in summer. 
In this study, we applied large-format thermal ceramic panels
TCP) to the ﬂooring of the Museum of the University of Alicante
MUA), in view of implementing radiant ﬂoor conditioning. Previ-
us studies have applied TCP panels to walls or ceilings [26] , but
ot to ﬂoors. The recent production of large-format, 20 mm thick
eramic pieces make it possible to apply them to ﬂooring com-
ined with PPR capillary mats. The MUA could be conditioned of-
ering high levels of hygrothermal comfort quality in winter and
ummer with a fan-coil-based dehumidiﬁcation system. The op-
ion of incorporating a rooftop thermal solar panel system was
lso examined. In this way, solar energy would be used in win-
er in the hot water production system, and used in summer
o cool water by chemical energy (solar cold), providing alterna-
ive energy to the system. As we will see, notable energy sav-
ngs would be achieved, with reasonable investment amortisation
eriods. 
The MUA location is under a Mediterranean climate. It guar-
ntees high levels of solar radiation on most summer and win-
er days. According to the Köpen-Geiger classiﬁcation [27] , it is
lassiﬁed as BSh: a warm semi-arid climate with hot or very hot
ummers and mild winters with very little rainfall [28] . The aver-
ge annual temperature is 18.1 °C, the coldest month being January
ith 10.3 °C and the hottest month being August with an average
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 3 
Table 1 
Thermal parameters of possible ﬁnishing materials with KaRo capillary mats. 
Material Density kg/m 3 Speciﬁc Heat J/(Kg K) Conductivity W/m K Effusivity (W s 1/2 )/(cm 2 K) 
Steel 7850 460 47–58 1.30–1.45 
Aluminium 2700 909 209–232 2.26–2.39 
Ceramic Stoneware 2300 836 0.8–1.3 0.124–0.158 
Ceramic Stoneware Flooring 2350 921 0.81 0.1324 
Linoleum 5,35 1400 0.081 0.055 
Beech Wood 800 1340 0.143 0.0392 
Oak Wood 850 2386 0.209 0.0651 
Glass 2700 833 0.81 0.1350 
Plaster 1800 837 0.81 0.1104 
Marble 2400 879 2.09 0.2099 
Fig. 2. Application of TCP thermal ceramic panels in an oﬃce of the University of 
Alicante. 
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pf 26.3 °C. According to the Spanish regulations in force at the time
f building the CTE house (2013 modiﬁcation) [29] , it is located in
 B3 climatic zone with an altitude of 240 m above sea level, letter
 in winter and 3 in summer, according to the CTE-DB-HE table B1
lassiﬁcation (Climate Zones). 
.2. Large-format TCP ceramic panels 
At present, the ﬁnishing materials most commonly used for
apillary mats are plastering, plasterboards, false ceiling metal
heets, plaster projected onto walls or ceilings, reinforced concrete
nd other usual paving materials such as porcelain stoneware.
aving solutions with smoothed concrete and embedded mats have
lso been developed, with excellent outcomes. They have not been
pplied to porcelain stoneware on walls or ceilings due to technical
xecution problems, excessive weight and maintenance diﬃculties.
owever, new large-format porcelain stoneware pieces have been
ubstantially improved technically over the last ten years allowing
o produce prefabricated thermal ceramic panels with embedded
ats [30] . 
The research group of the University of Alicante “Technology
nd Sustainability in Architecture” developed and patented in 2010
 Thermal Ceramic conditioning Panel (TCP) together with ASCER
nd the ITC [31] . The panel consists of one or two pieces of large-
ormat and low-thickness porcelain stoneware [32] armoured with
berglass on one of its faces, a capillary mat of polypropylene PPR
ubes of 3.5 mm in diameter, separated every 10 mm, and conduc-
ive paste to adhere the capillary tube mat ( Fig. 2 ). The initial di-
ensions were 300 cm x 100 cm x 3 mm, although larger panels
easuring 320 cm x 160 cm x 9 mm are currently being manu-
actured. The solution is ideal for modular ceramic ceilings, wall
lasterboards and ceiling-mounted large-format pieces, or even foraﬄe-type solutions, in which the panels are vertically suspended
rom the ceiling. When working with 3 mm pieces, 3 + 3 mm with
berglass and polyester wool, or 9 mm prefabricated panels, one
btains great ease of on-site installation, suitable maintenance, and
he possibility of replacement in case of leakage or breakdown. 
These porcelain stoneware and conductive paste panels are
deal for thermal conditioning. In fact, when equipped with high
hermal conductivity and effusivity, their thermal capacity is sim-
lar to that of common plaster panels ( Table 1 ). Although in the
ase of metal roof sheets, the values of these parameters are four
imes lower, tests that assess the minimum time until emission
emperature is reached turned out ten minutes for plaster and low
hickness porcelain stoneware ( Fig. 3 ), and ﬁve minutes for the
etal ceiling. Prototypes were recently made and ﬁxed to a wall in
wo oﬃce rooms at the University of Alicante. The building has an
ll-water air conditioning system. A management substation was
nstalled in the system, and existing connections were redirected
o the fan-coil to ensure distribution to four 2.5 ×1 m radiant pan-
ls. Currently, hydrothermal comfort and emission power are satis-
actory. These empirical data were applied to a single-family house
ocated in Alicante on the Spanish Mediterranean coast, with ex-
ellent results regarding comfort and the reduction of energy con-
umption [33] . Large-format TCP ceramic panels also offer other
dvantages over plaster and steel sheet ﬁnishes: they are inert re-
arding chemical actions or oxidation and degradation by usage.
echanical resistance is better too: the wall application can be
einforced by adhering two ceramic pieces using a butyral, or ﬁ-
reglass reinforced polyester with a thickness of 3 + 3 mm. In the
ase of false ceilings, the low-thickness porcelain stoneware is light
nd does not suffer deformations or damage during maintenance
perations. The aesthetic possibilities are huge, with an abundant
hoice of ﬁnishes, including image printing using the Inkjet tech-
ique [34,35] before the ﬁring process. 
. Application of TCP panels in the University of Alicante 
useum 
The University of Alicante Museum (MUA) has a range of dif-
erent volumes. Some rooms are semi-buried, and the rooftop is
overed by a 20 cm thick water bed. The present study focused on
he museum’s main hall or “Cube”: a detached and ﬂexible volume
hose enclosure is ﬁnished with bakelised wood panels based on
henolic resins, measuring 63 ×22.5 ×9 metres ( Fig. 4 ). The con-
guration is based on passageways throughout its perimeter al-
owing circulation over three levels for maintenance tasks. Under-
oof circulation also takes place through 8 passageways connecting
he two main façades. This buffer space is used for all the build-
ng’s lighting, air-conditioning and water-evacuation installations.
he roof includes 7 giant skylights with orientable external alu-
inium blades. The perimeter on the ground ﬂoor is made of sim-
le glass, with MD panel-based protection. 
4 V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 
Fig. 3. Thermographic image of the TCP panels in summer. 
Fig. 4. View of the Museum of the University of Alicante (MUA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Patent reference P201001626. Thermal Ceramic conditioning Panel applica- 
tion in the MUA. 
 
 
 The interior enclosure consists of white-lacquered MD panels
glued with polyurethane cord on timber frames and screwed onto
a steel tube substructure ( Figs. 5 and 6 ). The outer enclosure is
made up of sandwich type panels with rock-wool insulation, a
phenolic outer panel, an MD interior panel, and timber frames
on the periphery. The enclosure was damaged by humidity, so-
lar radiation and heat differentials caused by thermal bridges due
to discontinuity in the insulation material. In 2010, the enclosure
underwent an energy rehabilitation. A total of 3 cm of projected
polyurethane was applied to the existing skin, and a ventilated fa-
cade was created, taking advantage of the existing metal substruc-
ture, with latest generation phenolic panels. 
The current air conditioning system of the MUA’s “cube” hall
is an all-air system, with a split heat pump system located in-
side the conduits in the top part. Primary air is distributed through
ﬁberglass conduits. The air is renewed by means of rooftop inlets,
through manholes with drains that avoid the inlets from protrud-
ing above the rooftop plane. 
The present study was based on the hypothesis of replacing
the MUA’s “cube” hall ﬂooring with TCP panels, thus introduc-
ing a radiant ﬂoor cooling and heating system. In this way, the
air conditioning system would be replaced by a radiant ﬂoor sys-
tem by means of hot water distribution in winter and cold water
in summer, which also requires installing a fan-coil dehumidiﬁca-
tion system in the conduits. For this purpose, prefabricated panels
would be used with pieces of latest generation porcelain stoneware
20 mm thick ( Figs. 7 and 8 ). Hot or cold water would be distributed
using a 32 mm-outer diameter PPR pipe system, embedded in the
ﬂooring in 180 ×110 mm metal pipes. TCP panels, containing 3 mm
PPR capillary tube mats, would be connected with ﬂexible hoses
and click & cool connections. 
1. Large-format porcelain stoneware piece. 300 ×100 ×2 cm. 
2. Adhesive layer. Beka Thermal Conductive Paste V. WLP. 1.
Thickness: 6 mm. 3. PPR capillary mat. Diameter: 3 mm. Separation: 10 mm. 
4. Polyurethane foam thermal insulator. Thickness: 10 mm. 
5. Regulatory layer. Self-levelling cement mortar. Average thick-
ness: 10 mm. 
6. Coating of screed: expanded clay. Thickness: 80 mm. 
7. Aluminium channels to pass the PPR distribution pipes
through. 
8. PPR distribution pipes. Diameter: 32 mm. 
9. Thermal insulator. Type IV expanded polystyrene. Thickness:
40 mm. 
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 5 
Fig. 6. View of the MUA’s main hall interior. 
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T10. Reinforced concrete slab with electrowelded mesh
150 ×150 mm. Thickness: 150 mm. 
. Method 
.1. Comfort assessment of TCP panels applied to ﬂoors, walls or 
eilings 
We analysed the comfort levels and annual energy demand of
ifferent types of TCP panel applications. Five viable placement op-
ions (OP 2-OP 6) are shown in Fig. 9: on opposite walls with a
ontinuous surface; on orthogonal wall panels to the wall surface;
n a continuous suspended ceiling, in baﬄe-type vertical ceiling
anels; and in radiant ﬂoor panels. The white porcelain stoneware
anels would alter the aesthetics in most cases, although they
ould allow natural light to come in a similar way to the way light
nters at present. Only OP 6 would lead to a variation in the ef-
ects of natural light, as the panels are placed orthogonally to the
round ﬂoor’s perimeter glazing and the existing MD panels would
e dispensed with. 
Using the Design Builder tool, we proceeded to simulate ther-
al behaviours and calculate energy demands, both in the MUA’s
urrent state and with possible envelope renovations [36] . The ap-
lication of TCP thermal ceramic panels to the walls and ceilings
nside the MUA’s “Cube” room had been simulated previously. Re-
ults were published in 2014 and 2016 [26,37] . The impact of the
solation of the new ventilated facade and the reduction of thermal
ridges led to a drop in annual energy demand of 12% and 6%, re-
pectively [38] . Results for this parameter were obtained with op-
rating temperatures of 21 °C in winter and 24 °C in summer, an
ccupancy of 0.15 people per m 2 , and air ventilation of 1 ren/h.
he application of thermal ceramic panels to walls and ceiling was
lso compared to the air conditioning system. The results for user
hermal comfort were equally satisfactory in summer and win-
er regimes, as the radiant system was capable of dissipating, byFig. 7. Different layers of the Ceramic Thermal Coeans of radiation and convection, around 60 W of heat per square
etre of body surface in the summer regime [26] . 
To compare the energy eﬃciency of the different radiant sys-
ems proposed with all-air conditioning systems, similar user com-
ort levels were established. The objective of the research was not
o evaluate users’ degree of comfort in the scenarios under study,
ut the value of the operating temperature T o itself, to compare
he energy consumption of the two systems and the 6 options.
he Fanger methodology was followed based on the simpliﬁca-
ion of the ISO 7730: 2005 standard [39] . We believed it was
nnecessary to follow Fanger’s entire calculation methodology of
redicted mean vote (PMV) and predicted percentage dissatisﬁed
PPD) [40] , which would constitute in itself a separate highly com-
lex study due to “local thermal discomfort” conditions: air cur-
ents, vertical temperature difference, or the existence of cold or
ot ceilings, walls or ﬂoors (asymmetry of the radiant tempera-
ure). We followed the guidelines of Spain’s RITE IT 1.1.4.1.2. regu-
ations, in accordance with the CTE. Considering the values of 1.2
et, 0.5 CLO in summer and 1 CLO in winter, and operating tem-
eratures between 22.42 °C and 23.66 °C, following ISO 7730, PMV
alues between −0.66 and −0.17 were obtained, that is, a “slightly
ool” thermal sensation. The PPD values ranged between 6.79% and
4.86%. 
To do this, the operating temperature parameter T o was approx-
mated and a similar relative humidity RH was established in all
cenarios. T o can be deﬁned as “the uniform temperature of an
maginary enclosure in which an occupant would exchange the
ame amount of dry heat by radiation plus convection as in the
ame actual environment, without taking into account latent loads”
41] . The user’s feeling of comfort would depend on heat exchange
y convection and radiation with the environment’s surfaces and
bjects, on the water vapour’s capacity of emission to interior air
hrough skin perspiration and breathing, as well as the quality of
he interior air. We analysed the parameters that directly affect
eelings of comfort, i.e. mainly: the air’s dry temperature, its rel-
tive humidity, the speed of the surrounding air, and the surface
emperature of each of the premises’ walls [42] . The speed was set
t 5 cm per second for the TCP panels, obtained in situ in the mon-
tored oﬃces, and 15 cm/s in the case of the all-air installation, as
he average value of the occupancy area obtained in situ. The heat
osses by convection and radiation were obtained through the ex-
ressions: 
 cv i = h c ( T i − T a ) 
(
W / m 2 
)
(1) 
 c = 14 . 11 · v 0 . 24 ( W / ◦C ) (2) 
 rdi = h r ( T i − T rm ) 
(
W / m 2 
)
(3) 
 rm = T 1 · F P−1 + T 2 · F P−2 + · · · + T N · F P−N (4) nditioning Panel applied to the MUA ﬂoor. 
6 V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 
Fig. 8. Ceramic Thermal Conditioning Panel applied to the MUA ﬂoor. 
Fig. 9. Different placement options of the thermal ceramic panels. 
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t  The h c convection factor is directly related to air speed. It usu-
ally has an average value of 3.5 W/m 2 °C, with an air speed of
0.1 m/s. This factor was corrected as a function of air speed in both
HVAC systems. The radiation loss coeﬃcient h r takes on approxi-
mate values of 4.7 W/m 2 °C with an estimated human body tem-
perature of T i of 30 °C. 
To conduct the research based on similar user comfort levels, in
addition to the operating temperature T o in the different scenarios,
the values of heat loss by radiation and convection ( q rdi and q cvi )
were quantiﬁed and uniﬁed. To proceed to evaluate q rdi and q cvi 
in the MUA hall, we obtained, through monitorisation, the surface
temperature data, indoor air temperature and air speed of the cur-
rent state (that is, in OP 1) for the convective system, and equiv-
alent data for the radiant systems options OP 2-OP 5 by means of
Design Builder simulations [10,26] . Based on these premises, we
proceeded to calculate the form factors for radiant energy for the
6 options, taking into account an individual in a standing position
in the centre of the room, and subsequently the average radiant
temperatures according to the expression (4) [43,44] . Values q rdi 
and q of heat losses by radiation and convection were quantiﬁedcvi or one individual, in each scenario under study. The sum of both
alues proved to be very similar whether in the case of convective
ystems or radiant systems. To conclude, given that the usual sen-
ible heat emission values of a user walking slowly are 90 W [41] ,
he best-performing options were: OP 1, OP2, OP 5 and OP 6. 
.2. Calculation of the operating temperature t o for the 6 options 
Once the h c convection coeﬃcients and the h r radiation losses
ere determined with suﬃcient accuracy, we proceeded to calcu-
ate the values of operational human body comfort temperature T o ,
ccording to the expression (5) : 
 o = h r T rm + h c T a 
h r + h c (5)
By interpreting this expression, we can understand how radiant
urface heating systems work. An individual’s feeling of comfort
n enclosed spaces, applying prior control of relative humidity and
ir speed according to the Spanish Regulations on Heating Installa-
ions in Buildings (the RITE)— i.e. between 40 and 60%, and 0.15 to
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 7 
Table 2 
Calculation of annual energy demand to calibrate the Design Builder model. 
Building 
occupancy 
Fresh air (acH) Actual energy 
consumption 
0,176 0,275 0,353 0,775 1059 1250 1765 
People Annual energy demand (kWh/m 2 y) (kWh/m 2 y) 
700 170,14 175,89 185,89 191,58 201,58 207,31 217,31 139,31 
600 154,89 168,25 178,25 183,96 193,96 198,69 208,69 139,31 
500 150,00 160,61 170,61 176,33 186,33 190,06 200,06 139,31 
400 146,78 152,50 162,50 168,22 178,22 180,95 190,95 139,31 
300 138,57 144,29 154,29 160,11 170,11 175,84 185,84 139,31 
200 130,56 136,28 146,28 152,02 162,02 165,73 175,73 139,31 
100 122,45 128,17 138,17 143,89 153,89 159,62 169,62 139,31 
Fig. 10. Temperature and humidity sensors and analysers EL-WiFi-TC and TH. 
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o  .24 m/s according to the winter or summer regime, respectively—,
epends on the surrounding air temperature and the surface tem-
erature of the space’s walls. In addition, comfort levels are higher
ecause indoor air speed in summer is three times lower in radiant
ystems. As shown, in the case of the MUA, the indoor air temper-
ture in summer was 2–3 °C higher in radiant systems compared
o convective systems ( Table 2 ). 
.3. The MUA monitoring system 
As indicated above, the MUA was monitored during the com-
lete year 2014 cycle, applying over 30 sensors of surface tem-
erature, indoor and outdoor air temperature, relative humidity,
yranometer, indoor air speed, etc. We chose a wireless mon-
toring system. Surface temperature sensors were connected to
mall analysers, model “EL-WiFi-TC-Thermocouple Probe Data log-
er” ( Fig. 10 ). A series of analysers “EL-Wiﬁ-TH, Temperature and
umidity data logger”, with built-in indoor air temperature and
elative humidity sensors, interpreted the recorded data [45] and
ent wiﬁ signals to a “RouterOS” model router [46] . That router
as connected to a laptop computer that processed the received
nformation. By installing the “EasyLog WiFi Software”, the data
ent by the analysers was received and stored on the hard disk.
he data was sent daily to a virtual disk; the information could
hen be accessed using a personal code from any network point.
n addition, a small station was installed on the roof of the build-
ng with sensors for outside air temperature, relative humidity, and
 pyranometer to measure solar radiation (KIPP Model CMP3 ISO
econd class). 
To calibrate the model and to adjust it to real thermal be-
aviour, we used the climate ﬁle obtained on site and validated
t using the climatological data recorded by the weather station
f the Climatological Laboratory of the University of Alicante. Welso modiﬁed the value of air inﬁltration through the enclosures,
sing the Design Builder simulation tool. We thus adjusted the an-
ual energy demand obtained according to real energy consump-
ions provided by the Vice-Rectorate of the Campus and Tech-
ology of the University of Alicante. Average energy consump-
ion over the 2010–2014 period was 203,050 kWh/year. After de-
ucting the lighting consumption value —2.8 kWh/m 2 y—, a value
f 197.5 MWh/yr was obtained for the existing all-air conditioning
ystem. The same methodology was followed to adjust indoor sur-
ace temperatures and indoor air temperature. Fixing the set tem-
erature at 21 °C in winter and 24 °C in summer facilitated the
alibration process, added to the fact that users could not adjust
he air conditioning parameters themselves. The activation time of
he all-air installation was from 9 am to 8 pm Monday to Friday. 
The scale and construction characteristics of the MUA’s ac-
ess doors prevented us from performing the Blower Door test
n the MUA. To obtain the mean calculated value of the build-
ng’s air inﬁltration—a parameter that is diﬃcult to quantify—and
o perform the simulations in Design Builder, we resorted to re-
ent research results, using the test measurements of similarly
onstructed buildings around Alicante [47] . We then proceeded to
ake Design Builder simulations with an all-air supply system, and
etermined that the actual volume of renewal air was 0,353 acH.
nce these prior values were obtained, we followed the protocol of
he UNE-EN-ISO 13,790:2011 standard [48] , applying the value ob-
ained in the 50 Pa ( n 50 ) pressure test. The result was 0.842 acH,
 high value for a building of this nature, with a low form fac-
or value. This high inﬁltration value was due to the silicone joints
etween phenolic panels having deteriorated over the years. The
ame occurred on the ground ﬂoor: the simple Stadip glass silicone
oints had also deteriorated. The rooftop also presented a high in-
ltration value as it had been executed dry, with deﬁcient joints
etween the sandwich panels and the skylights. The annual val-
es obtained for annual energy demand, based on the occupancy
ate, air renewal rate and air inﬁltration across various scenarios
re shown in Table 2 and Fig. 11 . Convergence with the real value
f the energy consumption obtained from the MUA’s electric meter
onsumption data (139.31 kWh/m 2 y) occurs with an average occu-
ancy of approximately 100 people, an air renewal rate of 0.353
cH and air inﬁltration of 0.842 acH. At a value of 0.353 acH, the
ir renewal would be of 4502 m 3 /h out of a total of 47.233 m 3 /h of
upply air, that is, 9.5%, which coincides with the MUA’s air condi-
ioning project. 
The Thermographic camera ThermaCam P 25 by Flyr was used
o detect thermal bridges [49] , and their effects were substan-
ially mitigated after the enclosure was renovated with a ventilated
açade system. The continuous projection of 3 cm polyurethane
oam reduced the thermal transmittance U values and linear ther-
al transmittance Ѱ in joints, singular points and structural points
50,51] . The quantiﬁcation was made using the AnTherm software:
oad gains or losses due to thermal bridges were estimated at 3.5%
f total thermal loads [52] due to thermal transmittance U of the
8 V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 
Fig. 11. Calibration of the Design Builder model. Occupancy settings and ventilation air. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Model of the MUA in Design Builder. 
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 enclosures, a value that was similar to that obtained in previous
studies [53,54] . 
3.4. Annual energy demand values 
Spanish regulations on energy eﬃciency in buildings make it
compulsory to ﬁll out the DB-HE technical document on energy
saving, which is part of the Technical Building Code (or CTE by
its Spanish acronym) [44,55] . The regulation requires you to ap-
ply the standardised tool, Lider-Calener HULC [56] , to architectural
projects. The instrument, however, has notable shortcomings com-
pared to other simulation instruments such as Design Builder or
TRNSYS. These latter tools allow adjusting to the actual use of the
building, such as opening or closing windows according to time
slots or using the enclosures’ thermal inertia for thermal comfort
and reducing energy demand through phase change materials [57] .
HULC is much more limited, it is oriented towards favouring cer-
tain energy policies that are not always justiﬁable [58] . HULC does
not allow to introduce certain types of bioclimatic techniques ei-
ther. For this research, the Design Builder tool was chosen for its
proven reliability by means of the EnergyPlus calculation engine. 
3.5. Incorporation of solar thermal panels 
As previously commented, the TCP system distributes hot and
cold water at moderate temperatures, making it easier to use al-
ternative energies such as solar energy. Solar thermal panels could
be placed on the MUA’s rooftop; they work by heating the sys-
tem’s water in winter or cooling it in summer by means of an
absorption cooling system based on BrLi lithium bromide [59,60] ,
or ClLi chemical energy (solar cold) [61,62] . The levels of solar ra-
diation could be obtained at any time of the year using the data
collected by the pyranometer (KIPP Model CMP3 pyranometer ISO
second class) in the monitoring system. This would allow quanti-
fying the energy fed to the system according to the installation’s
performance. This energy would be contributed indirectly in the
heating regime, when temperatures reach between 20 °C and 35 °C
as the water would be preheated prior to its passage through the
air-water heat pumps; it would be directly contributed when the
tank’s capture temperature is between 35 °C and 50 °C. In sum-
mer the energy would be contributed by absorption or solar cold.
Therefore, taking into account the systems’ usual performance, and
a breakdown of each component’s energy consumption, this sys-
tem, i.e. option 7 (OP 7) can be compared to the radiant ﬂoor sys-
tem (OP 2) and the current all-air system (OP 1). . Results 
To perform the MUA simulations of thermal comfort, adjust-
ent of operating temperatures T o using the expression (5) , ther-
al behaviour and annual energy demand, the following recorded
ata were introduced into the Design Builder tool ( Fig. 12 ): 
1. The winter period covers 1 December to 30 April, and sum-
mer covers 1 May to 30 November. These are the usual weather
conditions of San Vicente del Raspeig (Alicante) where the Uni-
versity of Alicante is located. 
2. The temperature of indoor air is 21 °C in winter and 24 °C in
summer. RH remains at 50%. 
3. Occupancy, according to the standard CTE calculation of air re-
newal, is of 709 people, 0.5 people per m 2 , since the DSI ﬁre
protection values must be applied. A value of 2.5 acH air re-
newal is required, with 12.5 litres per second and per person.
This high value was adjusted in Design Builder’s model calibra-
tion, according to the actual consumption of energy obtained
from the building’s meter, with an average real occupancy of
100 people at peak visiting times, with a result of 0.353 acH of
air renewal. 
4. Air inﬁltration through the enclosure was high, although
it was moderated thanks to the application of continuous
polyurethane foam during the MUA’s 2010 rehabilitation. As in-
dicated, the quantiﬁcation was performed using a comparison
with the Blower Door test carried out in similarly constructed
buildings around Alicante [47] . The adopted value was 0.864
acH. The test was conducted in accordance with European Reg-
ulation EN 13,829, using BlowerDoor Gmbh MessSysteme Für
Luftdichtheit equipment. 
5. We estimated load gains or losses due to thermal bridges at
3.5% of total thermal loads [52] by U thermal transmittance of
the enclosures [63,64] , which were obtained on site by means
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 9 
Table 3 
Summary of parameters introduced in Design Builder’s simulation model. 
Parameter Data introduced Other introduced data 
Hours of operation, activity and occupancy 8 am to 8 pm 
Climate equipment operating hours 7 am to 8 pm 
Running of the air conditioning system from Monday to Friday 5 days/week 
Performance of the weekend climate control system Maintenance 
MUA occupancy density 0.07 person/m 2 100 persons MUA 
Occupancy of the passageways “Light plant room” 0.01 person/m 2 . 8 persons 
Metabolic factor: “Standing/walking” option 1,20 
Clothing values (CLO) winter CLO = 1,00 Summer CLO = 0,50. 
Load due to general lighting 300 lx 10.20 W/m 2 
Gains from oﬃce equipment 1.52 W/m 2 
Passageways: “light plant room” No conditioning No air renewal 
Internal air temperature setpoint Ti (cooling) 24 °C 
Set internal air temperature Ti (heating) 21 °C 
Indoor air maintenance temperature Ti (cooling) 28 °C 
Internal air maintenance temperature Ti (heating) 12 °C 
Relative humidity of the indoor air 50% 
Air renewal rate 0.353 acH 
Air inﬁltration through the envelope 0,842 acH n 50 = 8,42 acH 
Skylights: protection of horizontal aluminium slats Total darkening No thermal break 
Joineries Aluminium No thermal break 
Option of existence of Sanitary Hot Water (SHW) Deactivated 
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Table 4 
Calculation of operating temperatures in summer for the six options. 
v h c T a h r T rm T o 
h c = 14.11 v 0.24 
m/s W / °C °C W /m 2 °C ° C °C 
OP 1 0.068 7.402 22.11 4.70 24.45 23.02 
OP 2 0.036 6.354 25.63 4.70 20.05 23.26 
OP 3 0.035 6.311 24.37 4.70 22.70 23.66 
OP 4 0.026 5.877 24.10 4.70 22.37 23.33 
OP 5 0.032 6.177 24.28 4.70 19.98 22.42 
OP 6 0.039 6.477 24.10 4.70 20.34 22.52 
a  
A  
i  
a
 
e  
t  
o  
t  
p  
a  
n  
t  
w  
t  
s  
w  
t  
l  
c
4
 
c  
p  
M  
T  
a  
i  of the multifunction instrument KIMO TM210 by Testo [65,66] .
A ThermaCam P25 thermographic camera was used to detect
them [49] . Evaluations were made as mentioned using the An-
Therm tool [67] . 
6. The large skylights were considered to be in their usual state;
their interior aluminium blades were completely closed to the
passage of solar radiation. 
7. The ground ﬂoor perimeter glaze was protected with contin-
uous MD wood panels separated by 1.40 m, preventing direct
interior solar radiation. 
Table 3 shows the introduced parameters. 
The schematic diagram of the capillary tube mats project was
ntroduced into the Design Builder model ( Fig. 13 ). The surface
emperatures of the TCP panels were then pre-set to 17 °C, to
void the risk of surface condensations. We also introduced the cli-
ate ﬁle relating to external air temperatures, relative humidity,
nd solar radiation levels by pyranometer throughout a complete
ne-year cycle, obtained for Alicante in previous studies [26,68] .
astly, the walls’ surface temperature was corrected, and the inﬁl-
ration value was adjusted to 0.342 acH, so the model was cali-
rated by adjusting the air and wall temperatures to the monitor-
ng values [46] . We also applied the dehumidiﬁcation of the ten
an-coils, with a total power of 25 kW and an energy consumption
f 27,854 kWh/yr. 
.1. Operating temperatures T o 
Graphs 1 and 2 show the summer temperature values on 2 Au-
ust 2015. They were obtained by monitoring the building, and via
esign Builder simulations of the TCP panel radiant system op-
ions. The following temperature values are shown: outside air; in-
oor air temperatures of points 1 and 3 in the occupancy zone for
he current convective system or OP 1 and for the radiant ﬂoor
anel system or OP 2; and indoor air temperature values in cases
here the air conditioning system is not operational. 
As can be seen in Table 4 , the T o operating temperatures,
btained through the expression (5) , come close to the 23 °C
alue introduced in the Design Builder simulations for the summer
egime, as required by the RITE. In these systems, by providing a
arge surface focal point on the ﬂoor, ceiling, or wall, the surface
emperatures of the heat or cold-emitting focal point become more
oderate than in hot water radiator installations or chilled water
ystems. In this way, the same level of emission power is achieveds in convection systems, and at a similar operating temperature.
s we will see, this difference generates substantial energy sav-
ngs, and allows using alternative energies, such as solar [69,70] ,
irothermal or geothermal energies [71,72] . 
To conclude this comparative analysis of radiant ﬂoor TCP pan-
ls, we can fairly say that optimal comfort would be reached in
he winter regime, with an adequate temperature gradient in the
ccupancy area, and, as we will see, signiﬁcant energy consump-
ion reductions would be obtained. When operating with air tem-
eratures at around 2 °C below that of convective systems, the
ir does not dry up signiﬁcantly and a humidiﬁcation system is
ot required. In summer, the system would produce a satisfactory
emperature gradient, cooling the indoor air in occupancy areas, as
ell as the glazed walls. The biggest downside of ceiling applica-
ions in OPs 5 and 6 would be the risk of ﬂoor surface conden-
ation, which would make the space impracticable. The indoor air
ould have to be dehumidiﬁed with a fan-coils system located in
he conduits and the water distribution temperature in the capil-
ary mats would have to be limited by means of a condensation
ontrol sensor [10] . 
.2. Annual energy demand and comfort conditions 
Once the air renewal rate parameters above were obtained ac-
ording to the CTE —air inﬁltration, surface temperatures, occu-
ancy, etc. — and we had calibrated the model, we simulated the
UA’s behaviour according to the six options mentioned above.
he thermal loads, solar gain by glazing, internal thermal loads,
nd summer, winter and annual energy demands were compared
n the case of the 6 options described above, plus the possibility
10 V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 
Fig. 13. Schematic diagram of the installation modelled in Design Builder. 
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O  of incorporating solar thermal panels on the rooftop (OP 7). In-
vestment amortisation periods were estimated for three different
scenarios (SC) relating to the above options: 
SC 1. All-air installation based on reversible air-air heat pump
split system, model XPOWER VRF 2 tubes (38VT-168HTEE)
and air conditioner 39SQ ﬂow rate 1.8 m 3 /s by Carrier, with
148 kW cooling power and 162 kW heat power. Condenser
and climate control in the MUA’s conduit. This scenario cor-
responds to OP 1. 
SC 2. Installation of PPR capillary tube mats, in TCP panels, with
air-water heat pump model Aquasnap 30RQSY039-160 by
Carrier, 148 kW cooling power and 162 kW heat power sim-
ilar to OP1, distribution of water to two distribution substa-
tions located in the MUA’s conduits, and water distribution
in the secondary circuit through 24 independent PPR circuits
32 mm in diameter per paving, and ten fan-coils strategicallylocated for air dehumidiﬁcation, each with a cooling power
of 2.5 kW. This scenario corresponds to OP 2. 
SC 3. Installation of PPR capillary tube mats similar to SC 2,
with the same heat pump as above, and the ten fan-coils
for air dehumidiﬁcation, with a system of 230 m 2 of so-
lar thermal panels, with chemical energy LiCl cooling (so-
lar cooling), providing alternative energy to the system. This
scenario corresponds to OP 7. 
Table 5 shows the results regarding thermal loads and solar
ains [73] obtained in Design Builder for the ﬁrst three options for
P1- OP2. They can be observed to be very high, largely boosted
y the presence of huge rooftop skylights lacking protection, de-
pite having been later covered with sandwich panels. Using TCP
anel radiant systems would reduce these thermal loads by 18% in
he case of the radiant ﬂoor in OP 2, and by 17.2% in the case of
P 3. The most decisive factor was the T indoor air temperature’si 
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Graph 1. Temperature of indoor and outdoor air in summer, in the case of an all-air system and no conditioning. 
Graph 2. Temperature of the indoor and outdoor air in summer, in the case of a radiant ﬂoor TCP ceramic panels system. 
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v  ncrease in summer and drop in winter, substantially reducing heat
ows by U transmittance through all exterior walls. 
Table 6 shows the results obtained by simulation regarding
ummer, winter and annual energy demands for the seven op-
ions OP 1-OP 7. The values were similar to those usually ob-
ained for oﬃce buildings, for which 30% and 35% energy sav-
ngs compared to convective systems were accredited in Centralurope [10] . They are somewhat inferior because the outside air
H is higher on the Mediterranean coast. The MUA’s annual en-
rgy demand was 130.83 kWh/m 2 y for the currently installed all-
ir system, and 98.25 kWh/m 2 y for the system of TCP thermal ce-
amic ﬂoor panels (OP 2). The energy savings obtained amounted
o 24.91%. These reductions are similar to those obtained in pre-
ious studies [74] . In the case of radiant wall or ceiling systems,
12 V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 
Table 5 
Calculation of loads and energy demands. Current state, radiant ﬂoor OP2 and radiating walls OP3. 
OP1 MUA 20 0 0 OP2 TCP radiant ﬂoor OP-3 TCP radiant wall 
Summer Winter Summer Winter Summer Winter 
Wh/m 2 yr Wh/m 2 yr Wh/m 2 yr Wh/m 2 yr Wh/m 2 yr Wh/m 2 yr 
Enclosure 
Glazing 15,733 20,069 8716 18,341 9138 18,478 
Walls 1689 216 814 251 1025 228 
Floors - ground −1506 6367 −1403 5002 −1483 5327 
Partitions 0 0 0 0 0 0 
Rooftops 5279 7115 2452 4835 2874 4972 
Outdoor ﬂoors 310 167 296 138 307 148 
Inﬁltration 12,193 21,532 6393 17,031 7387 17,145 
36,119 54,211 17,268 45,599 19,248 46,298 
Loads 
Lighting 2414 2833 2414 2833 2414 2833 
Equipment 3766 2658 1219 1050 1429 1301 
Occupation 8956 6975 8956 6975 8956 6975 
Solar gains 38,541 −25,637 38,541 −25,637 38,541 −25,637 
53,671 −13,171 51,177 −14,779 51,387 −14,528 
kWh/m 2 yr kWh/m 2 yr kWh/m 2 yr kWh/m 2 yr kWh/m 2 yr kWh/m 2 yr 
Primary energy 89.79 41.04 67.43 30.82 69.62 31.77 
Table 6 
Calculation of energy demands and CO 2 emissions of the 7 OP. 
OP 1 OP 2 OP 3 OP4 OP5 OP6 OP7 
Energy demand in summer kWh/m 2 89.79 67.43 69.62 70.15 71.14 70.95 35.91 
Energy demand in winter kWh/m 2 41.04 30.82 31.77 32.31 33.39 33.12 15.39 
Annual energy demand kWh/m 2 yr 130.83 98.25 101.39 102.46 104.53 104.70 51.30 
Annual CO 2 emissions in use stage 50,071.91 37,603.22 38,804.99 39,214.01 40,006.77 40,071.31 19,633.17 
Percentage 100.00% 75.09% 77.50% 78.31% 79.90% 79.55% 39.21% 
Fig. 14. All-air system. 1 February 2015. 9am. 
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t  energy demand reductions are somewhat lower. Figs. 14–17 show
the temperature gradients produced by the simulation in the dif-
ferent housing spaces for both conditioning systems options OP
1 and OP 2. Homogeneous temperatures can be observed in the
occupancy area for the TCP radiant systems, in addition to the
fact that the indoor air temperature T i was approximately 2–3 °C
higher in summer and 2 °C lower in winter. 
CO 2 emissions were also quantiﬁed during the MUA’s usage
stage, according to the electrical mix. We thus obtained an ini-
tial estimate of the resulting environmental impacts, based on the
LCDN database [75] . According to this estimate, to produce 1 elec-
tric kWh, a total of 0.41 kgCO 2 , 0.00122 kgCH 4 and 0.0000465
kgN 2 O are released. Once users’ ﬁnal energy consumption was
quantiﬁed for all three scenarios SC 1-SC 3, yearly CO 2 emis-
sions could be quantiﬁed during the user stage. The system’s pri- u  ary energy consumption and CO 2 emissions were calculated us-
ng the factors of the Institute for Diversiﬁcation and Saving of En-
rgy (IDAE by its Spanish acronym) for 2010 [76] , speciﬁcally: 2.21
Wh p /MWh f and 0.27 tCO 2 eq/MWh ( Table 6 ). 
.3. Incorporation of thermal solar panels 
We will now analyse the energy savings that would result from
ncorporating a system of rooftop thermal solar panels to the ra-
iant ﬂoor TCP panel conditioning system (OP 7) [77] . The solar
adiation power data on the MUA rooftop were collected during
he complete 2015 cycle, through a pyranometer installed on the
UA’s rooftop. Graph 3 shows the radiation values obtained for
he months of August and February. The daily average energy val-
es collected each month are illustrated in Table 7 . These values
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 13 
Fig. 15. Radiant system using TCP panels. 1 February 2015. 9am. 
Fig. 16. Radiant system with TCP Panels. 1 February 2015. 9am. 
Fig. 17. Radiant system with TCP Panels. 1 August 2015. 3pm. 
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l  ere contrasted with other sources and recent publications that
ollected such values in Mediterranean and Eastern Spain; corre-
ated values were then obtained [61,78] . 
The installation was dimensioned according to the load calcu-
ations in Design Builder ( Table 5 ). It was necessary to install 230
 
2 of thermal solar to achieve an annual conditioning energy de-
and of 98.25 kWh/m 2 a, with an installation of two 150 kW heat
umps in cold mode in summer. According to previous calcula-ions, these panels contributed 62.2% to the system during energy
emand peaks in summer, at moments of maximum sunshine [72] .
he performance of 230 m 2 of solar thermal panels, at a latitude
f 38 ° latitude and a 45 ° inclination, was 71.4% [79] . Bearing in
ind that the overall performance of the installation was 84.5%
80] , the total energy contribution to the TCP panel system was
6,559 kWh/year. In winter, hot water is distributed to the capil-
ary tube mats from the accumulation deposits of the solar panel
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Graph 3. Solar radiation Values captured on site for the months of August and February 2015. 
Table 7 
Solar energy received per days, months and year. 
Month No of Days Direct Irradiance 
(kWh/m 2 year) 
Diffuse Irradiance 
(kWh/m 2 year) 
Direct energy per 
month (kWh/m 2 ) 
Diffuse energy per 
month (kWh/m 2 ) 
Total energy per month 
(kWh/m 2 ) 
January 31 1.66 0.95 51.46 29.45 80.91 
February 28 2.31 1.18 64.68 33.04 97.72 
March 31 3.03 1.67 93.93 51.77 145.7 
April 30 4.30 1.83 129 54.9 183.9 
May 31 4.65 2.26 144.15 70.06 214.21 
June 30 5.40 2.25 162 67.5 229.5 
July 31 5.56 2.17 172.36 67.27 239.63 
August 31 4.65 2.17 144.15 67.27 211.42 
September 30 3.79 1.66 113.7 49.8 163.5 
October 31 2.69 1.30 83.39 40.3 123.69 
November 30 1.84 0.97 55.2 29.1 84.3 
December 31 1.44 0.83 44.64 25.73 70.37 
Annual 
radiation 
1258.66 586.19 1844.85 
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Winstallation. In summer, cold water is produced through a solar
cooling system with chemical energy storage by lithium chloride
(LiCl). The latter can be subsequently cooled, if necessary in the
heat pump, until the dehumidiﬁcation fan-coil distribution temper-
ature is reached in the heat pump (7 °C). 
The results obtained from the Design Builder simulation were
calibrated and corrected using the solar energy results obtained on
site [33] , contrasted with other studies on thermal energy in sim-
ilar climates [61,81,82] . The energy savings produced in the sys-
tem with respect to all-air systems amounted to 60.79%. These
savings conﬁrm that the radiant TCP panels system incorporating
rooftop thermal solar panels constitutes a viable system. The en-
ergy consumption of the three analysed systems are broken down
in Table 8 according to all equipment, pumps, circulators, fans, fan-
coils, etc. and installation elements, including solar panel energy
contributions. 
As illustrated, the energy consumption of the all-air system
with split heat pump machines for air distribution in SC 1 was
133% higher than that of the installation of water distribution to
TCP panels in SC 2 and SC 3. Furthermore, it was 255% higher than
that of SC 3 when installed with 230 m 2 of solar thermal pan-
els on the rooftop. Energy consumption in SC 2 was 24.91% lower
than that of SC 1 or the all-air system, for the reasons described in
paragraph 1. Consumption due to dehumidiﬁcation, with the two
fan-coils of SC 2 and SC 3, was 43.09 MWh per year: the instal-
lation of TCP panels would thus, a priori, be more unfavourable
than the all-air installation. However, globally, the system actually
leads to substantial energy savings compared to SC 1 due to dif-erent factors. For example, the energy needed to transport water
s drastically lower compared to that needed for air, and there is a
rop in thermal load to the reduced thermal gap of the heat ﬂow
hrough the enclosures. 
.4. Investment amortisation approach 
To complete this comparative analysis, we estimated how prof-
table the investments in technical installations that could be in-
roduced in the MUA could be. We applied the UNE-EN 15,459–
:2018 standard [83] for the MUA’s Life Cycle Cost (LCC) to the 3
cenarios under study. The Global Cost was applied using the ex-
ressions: 
 g ( t ) = C l + 
∑ 
j 
[ 
t ∑ 
i=1 
( C a , i ( j ) · R disc ( i ) ) − Va l F , t ( j ) 
] 
(6)
 R = R int − R i 
1 + R i / 100 
(7)
 disc ( i ) = 
(
1 
1 + R R / 100 
)i 
(8)
here: 
C I Initial investment costs 
Ca Recurring costs 
Rdisc Discount rate 
i years 
V. Echarri-Iribarren / Energy & Buildings 202 (2019) 109334 15 
Table 8 
Calculation of annual energy consumption of all the installation’s elements compared to convective systems. 
SUMMER from 1 May to 30 November WINTER from 1 December to 30 April 
Occupation: 100 PEOPLE 
SC 1 All air SC 2 Floor 
TCP 
SC 3 TCP 
+ Solar panels 
1 Effective Area m 2 1417 1417 1417 
2 Ceramic panels area m 2 1390.5 1390.5 
3 Maximum thermal load W/m 2 80 75 75 
4 Minimum fresh air ﬂow rate m 3 /m 2 h 3.05 3.05 3.05 
5 Thermal jump of the water in summer k 6 4,6 4,6 
6 System running time h/year 4015 4015 4015 
Cooling pumps running time h/year 1.800 1.800 1.800 
Total cooling running hours h/year 620 205 205 
Total heating running hours h/year 310 140 140 
Ventilation 
10 Supply air ﬂow rate m 3 /hm 2 29.41 3.05 3.05 
11 Supply air volume m 3 /h 41.674 4.320 4.320 
12 Fan power kW 11.27 1.21 1.21 
13 Power consumption MWh/year 175.65 19.80 19.80 
Comparison % 100% 11,2% 11,2% 
Cooling pump 
14 Water ﬂow rate l/m 2 h 11.46 21.5 21.5 
15 Volume of water l/h 16,238.5 26,265 26,265 
16 Power kW 2.51 4.05 4.05 
17 Power consumption MWh/year 4.05 6.48 6.48 
Fans and pumps 
18 Power kW 37.63 7.05 7.05 
19 Power consumption MWh/year 179.70 24.23 24.23 
20 Comparison % 100% 14.58% 14.58% 
Fan-Coils Dehumidiﬁers 
21 Power kW 18.66 18.66 
22 Power Consumption MWh/year 43.09 43.09 
Cooling system 
23 Emission power W/m 2 85 74 74 
24 Power kW 113.36 85.13 85.13 
25 Summer power consumption MWh/year 116.49 50.16 50.16 
Heating system 
26 Power kW 91.83 87.75 87.75 
27 Winter power consumption MWh/year 80.99 30.91 30.91 
28 Solar energy supply MWh/year - 74.08 
Circulators of water to the system 
29 Power kW 0.95 
30 Power consumption MWh/year 3.22 
31 Annual power consumption MWh/year 197.48 148.29 77.43 
Comparison % 100% 75.09% 39.21% 
Fig. 18. Results of the Global Cost over 30 years applied to the 3 scenarios under study. 
 
m  
o  
c  
c  
s  
b  
t  
s  
t  
t  Valf Residual value ( €) 
R R Real interest rate 
Ri Inﬂation rate 
Rint Interest rate 
L Years of building service life 
C M Maintenance costs 
Fig. 18 shows the results obtained. The estimation of the invest-
ent amortisation approach was based on experiences reported inther studies [33,84] , and it could serve as a reference for other
ultural buildings or administrative oﬃces in Eastern Spain. To cal-
ulate the installation costs, we used databases of companies in the
ector. The cost of installing 230 m 2 of solar thermal panels was
ased on a ratio of € 397/m 2 , including labour costs, accumula-
ion deposits or inertia, distribution equipment, circulation pumps,
ystem management teams, and annual maintenance costs. A to-
al cost of €91,450 was considered. Given that the investment in
he installation system of 1417.5 m 2 of KaRo frames, including the
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Table 9 
Investment amortisation period of OP 2 and OP 7 compared to OP 1. 
OP 1 OP 2 OP 7 OP2-OP7 
All-water installation with heat pump € 119,070 €
Installation with KaRo mats with TCP panels € 202,869 € 294,319 €
Annual energy consumption kWh/yr 185,451.50 139,274.08 72,715.46 
Annual savings € 6557.12 16,008.51 9451.32 
Amortisation Period years 12.78 17.76 9.67 
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 cost of the two substations, ﬂoor distribution tubes in embedded
pipes 32 mm in diameter and PPR circuits of 20 mm diameter pipes
was 70.37% higher, we can approximate the amortisation period for
that investment as expressed in Table 9 . 
The same could be done for the solar panel installation and
the solar cold production system with lithium chloride LiCl, which
account for a 45.5% increase in the cost of the capillary tube
frames. To calculate the amortisation periods, a cost of 0.142 €/kWh
[76] was taken into account. As shown, in the case of TCP panels,
the investments could be amortised in the medium term, over 12
to 13 years ( Table 9 ). In the case of thermal solar panels, the in-
vestment would be amortised in the long term compared to the
all-air system or SC 1, that is, in 17.78 years. Compared to invest-
ments in radiant ﬂoor capillary tube mat TCP panels, the invest-
ment would be amortised over approximately 10 years. The deci-
sion to possibly implement these systems should take into account
the high levels of comfort provided in homes and the signiﬁcant
drops in CO 2 emissions given the annual energy demand reduc-
tions of 31.47% (SC 2) or 77.48% (SC 3). These CO 2 emission reduc-
tions could be encouraged by public administrations, thus reducing
users’ installation costs, with shorter investment amortisation pe-
riods of around 8 to 10 years. 
6. Conclusions 
Radiant surface conditioning systems based on PPR capillary
tube mats lead to high standards of comfort and signiﬁcant energy
savings. They are therefore healthier and environmentally friendly.
They also allow using alternative energies such as solar energy.
When the technology is implemented in coastal climates, with
high values of outdoor air relative humidity in summer, dehumid-
iﬁcation systems require ﬁnely tuned controls. It was possible to
experiment and evaluate the system’s behaviour using simulation
tools at the Museum of the University of Alicante, on the Mediter-
ranean coast. Three scenarios were examined. The ﬁrst was the
existing all-air conditioning system (SC 1). The second consisted
in applying radiant ﬂoor TCP thermal ceramic panels (SC 2). The
third was a variant of SC 2, incorporating renewable energy to the
system via the installation of rooftop solar thermal panels (SC 3).
To perform the comparison, users’ experienced comfort parameters
were adjusted in all three scenarios: mainly the operating temper-
ature T o , as well as sensible and latent heat transferred by the user.
The following results were obtained: 
• TCP panel systems are more energy eﬃcient and more comfort-
able than the SC 1 system. Annual energy demand was 24.91%
lower in SC 2 and 60.79% lower in SC 3. 
• The investment increase due to the TCP panel capillary tube
mat system could be amortised over a reasonable period of
time, compared to a heat pump-based all-air system, with cli-
mate control and duct distribution (SC 1). In the case of the
MUA under study, the €83,799 surcharge would be amortised
in 12.78 years, with a drop of energy demand of 46,177 kWh/yr,
an annual saving of €6557.12, and a cost of €0.142/kWh in the
electric mix. 
• If the system included the installation of 230 m 2 of rooftop so-
lar thermal panels with water storage tanks and a triple phaseabsorption system through chemical energy accumulation with
lithium chloride (LiCl), energy savings would be considerable. It
would save 60.79% in the case of SC 1, and 47.79% in the case
of SC 2. The investment in installation costs could be amortised
in little under 18 years, with a yearly reduction of 12,469 kg of
CO 2 , and in 9.67 years compared to SC 2. 
This research has shown that it is viable to implement radi-
nt surface conditioning systems in public cultural buildings. They
onfer far greater comfort levels to users compared to convective
ystems. Investment return periods are between 12 and 18 years,
rovided a solar energy support system is used in latitudes with
igniﬁcant levels of annual solar radiation. These amortisation pe-
iods could be considerably reduced by implementing state sub-
idies. Such policies would be easy to justify due to the beneﬁts
erived from major drops in CO 2 emissions, the improvements to
nvironmental management and a healthier environment. 
In future studies, we will examine the energy consumption of
CP panels installed in two oﬃces at the University of Alicante.
ome automation monitoring of energy consumptions by means of
lectric metres and ﬂowmetres will enable knowing the real levels
f energy consumption due to dehumidiﬁcation, and to quantify
CP panel energy saving more accurately. 
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